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We report on long-range interactions between adsorbates on metal surfaces with a surface state. A compari-
son of three adsorbate/substrate systems @Cu/Cu~111!, Co/Cu~111!, and Co/Ag~111!# suggests the general
existence of such interactions and shows up common characteristics. In all cases, the interaction energy E(r)
manifests itself up to a distance of 60 Å, decays as 1/r2, and oscillates with a period of lF/2. Our data are in
excellent agreement with theory and establish the link between the spatial variation of the interaction energy
and the adsorbate scattering properties. We demonstrate that the long-range interactions stabilize an ordered
two-dimensional ~2D! gas of adsorbates and thus create states of dilute 2D matter.
DOI: 10.1103/PhysRevB.65.115420 PACS number~s!: 68.35.Fx, 68.37.Ef, 68.43.Jk, 81.16.DnLateral adsorbate-adsorbate interactions have attracted
theoretical1 and experimental2 interest since the 1970s. The
interactions have several origins that can be divided accord-
ing to the mutual adsorbate separation. At small interatomic
distances direct electronic interaction dominates leading to
the formation of localized chemical bonds. This interaction
falls off exponentially and is, therefore, of very short range.
At larger separations adsorbate interactions are predomi-
nantly indirect and may be mediated in three ways: electro-
statically ~dipole-dipole! and elastically ~deformation of sub-
strate lattice!, which both lead to nonoscillatory interactions
that decay monotonically with separation r as 1/r3.3 The
third way of mediation, which is the subject of the present
study, is by substrate electrons leading to an oscillatory in-
teraction energy.
A foreign atom dissolved in a solid, or adsorbed on a
surface, imposes its potential onto the host electrons, which
they screen by density oscillations. Friedel introduced such
oscillations with wave vector 2kF to calculate the conductiv-
ity of dilute metallic alloys.4 Whereas Friedel oscillations in
the bulk escape from direct observation, they become appar-
ent at the surface.5 Scanning tunneling microscopy ~STM!
images taken at low bias directly reflect the oscillating quan-
tity, namely, the local density of states close to EF , enabling
a direct observation of Friedel oscillations. The first case was
reported for carbon atoms adsorbed on Al~111!.6 The original
data are reproduced in Figs. 1~a! and 1~b! for contrasting
Friedel oscillations of bulk electrons with those of surface-
state electrons @Figs. 1~c! and 1~d!#. In Fig. 1~a! two C atoms
appear as localized protrusions. In Fig. 1~b! the same area is
scanned at smaller tip-sample distance, which has the effect
that the C atoms become transparent. This reveals the redis-
tribution of substrate electrons particularly clearly. Carbon
withdraws charge from the three nearest Al neighbors,
which, therefore, appear darker (Dz520.34 Å). Due to
Friedel oscillations, the next-nearest Al neighbors accumu-
late charge and appear brighter (Dz510.18 Å).
Inspecting Figs. 1~a! and 1~b! one realizes that adsorbates
may interact via Friedel oscillations through the fact that the
binding energy of one adsorbate depends on the substrate
electron density, which oscillates around the other adsorbate.
Lau and Kohn predicted such oscillatory interactions to de-0163-1829/2002/65~11!/115420~5!/$20.00 65 1154pend on distance as cos(2kFr)/r5.7 Hence the bulk, three-
dimensional ~3D!, electron mediated adsorbate interactions
fall off much faster than the dipole-dipole and elastic inter-
actions. The superposition of all three indirect interactions,
dipole-dipole, elastic, and bulk-electron mediated, leads to
complicated behavior with high chemical specificity. For
their investigation, STM has emerged as a quantitative tool,8
supplementing the well-established field-ion-microscopy
method.2,9
While the range of all interactions discussed above never
goes beyond a few atomic distances, Lau and Kohn predicted
that screening in a 2D electron system leads to a much
slower fall off, cos(2kFr)/r2, and thus to interactions with
extremely long range.7 The required 2D nearly free-electron
gas is realized in Shockley-type surface states of close-
packed surfaces of noble metals. These states are located in
narrow band gaps in the center of the first Brillouin zone of
the ~111!-projected bulk band structure. Thus they have ex-
tremely small Fermi wave vectors and consequently the Frie-
del oscillations of the surface state have a significantly larger
wavelength than those of bulk states. Figure 1~c! shows an
example for Ag~111! @kF,surf50.083 Å21 ~Ref. 10! and
kF,bulk51.2 Å21 ~Ref. 11!# with two substitutional defects
appearing as protrusions on the otherwise clean surface.
There is a smooth modulation in the apparent height of the
Ag atoms extending over the entire image. These are the
surface-state Friedel oscillations,12 which are readily detect-
able up to a distance of more than 100 Å in the large-scale
STM image shown in Fig. 1~d!.
The first experimental indication of long-range interac-
tions, possibly mediated by surface-state Friedel oscillations,
came from equidistant bulk segregated impurities on
Cu~111!.13 The first quantitative interaction energies were re-
cently reported by Repp et al. for the system Cu/Cu~111!.14
The results of Ref. 14 clearly show the predicted oscilla-
tion period of lF/2 and the 1/r2 decay for large distances.
However, there are significant deviations from theory in the
distance regime where the interactions are expected to be
strongest, namely, at r,20 Å. Quantitative experimental in-
formation down to short distances is crucial for two reasons.
First, the interactions at these distances become sufficiently
strong to delay nucleation and to stabilize ordered 2D gases
of adsorbates. Second, experimental data on this length scale©2002 The American Physical Society20-1
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at different tip-sample distances @~a! V t5270 mV, ~b! V t
5220 mV, ~a!, ~b! I t541 nA, T5300 K#. ~c! Two substitutional
defects on Ag~111! (V t525 mV, I t58 nA, T59 K). ~d! Large
scale image of the same surface as in ~c! showing the long-range
oscillations with l5p/kF538 Å around four point defects on
Ag~111! (Vt524 mV,I t50.5 nA,T59 K).11542are important for comparison with theory since recent
density-functional-theory calculations15,16 can now address
this distance range, whereby they meet the validity range of
scattering theory.17
In the present study we remove the disagreement with
theory for Cu/Cu~111! by careful analysis of our data in
terms of two-body interactions only. Furthermore, by inves-
tigating the interactions also for Co atoms on Ag~111! we
observe the oscillation wavelength to change according to
the surface-state band structure of the respective substrate.
This unambiguously identifies the cause of the interaction as
mediation by surface-state electrons. Comparing different
adsorbates, Cu and Co atoms, on the same substrate,
Cu~111!, reveals the insensitivity to the adsorbate’s chemical
identity and suggests the general existence of long-range in-
teractions on surface-state substrates.
We deposited Cu and Co from thoroughly degassed fila-
ments ~99.996%! onto well-prepared Cu~111! and Ag~111!
surfaces held inside a low-temperature STM contained in
ultrahigh vacuum and cooled to 6 K.10 After deposition of
1.431023 ML of Cu onto Cu~111!, the surface showed ran-
domly distributed, immobile Cu adatoms. To find the tem-
perature range where the interaction is observable and to
measure the corrugation of the adsorbate’s potential-energy
surface, we first studied the diffusion rate n of isolated Cu
monomers as a function of time and temperature by tracing
their trajectory on consecutive STM images taken from the
same surface area @see Fig. 2~b!#.
To simplify the analysis, we took care that the tempera-
ture was low enough for the average jump rate to stay
below the image recording rate. The jump rate shows
perfect Arrhenius behavior @Fig. 2~a!# from which we derive
the energy barrier and attempt frequency for Cu/Cu~111!
tracer diffusion to be Em5(4061) meV and n051
31012.060.5 s21, respectively. The experimental energy bar-
rier is within the error of the previously reported value,14 and
compares well with recent ab initio calculations.15 We ob-
serve only jumps by entire lattice spacings, indicative of a
significant binding-energy difference between the two three-
FIG. 2. ~a! Arrhenius plot of the jump rate of isolated Cu mono-
mers. The STM tip had no influence on diffusion parameters for gap
resistances R t.13108V . ~b! Excerpt from time sequence of STM
images recorded to trace diffusing Cu atoms on Cu~111! ~2 min/
frame, T513.5 K, Q51.431023 ML, V t5100 mV, I t50.1 nA;
see Ref. 18!.0-2
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be as unstable as the bridge site and therefore predicts diffu-
sion to occur between fcc sites only.15
We quantify the lateral adatom interaction by analyzing
extensive STM time sequences in terms of site-occupation
probabilities as a function of adatom distances. In order to
focus on two-body interactions we counted only nearest-
neighbor ~NN! distances r, i.e., a distance r from a selected
atom to a nearby atom is counted only if no third scatterer
~adatom or impurity! is closer-than r. For the low adatom
coverages (Q5131023 ML) and the low defect densities
(Q5231024 ML) this is a good approximation to the
idealized situation of two isolated, interacting adatoms. A
distance histogram f (r) obtained that way from an STM se-
ries recorded at 15.6 K @Fig. 3~a!# shows significant os-
cillatory deviations from random site occupation f ran(r),
shown as a solid curve. One finds the following expression
for f ran(r) at coverage Q, image size L3L , with N
5L2Q/Aunit cell atoms per image and a set of n images:
f ran~r !5~2prDrnN2/L2!~12pr2/L2!N
3@pL21~42p!r224rL#/pL2.
FIG. 3. Histogram of ~a! Cu/Cu~111!, ~b! Co/Cu~111!, and ~c!
Co/Ag~111! NN distances @~a! Q51.431023 ML, T515.6 K; ~b!
Q5231023 ML, T510.2 K; ~c! Q5431024 ML, T518.5 K#.
Fits of our data with the nonperturbative result of Ref. 17 are shown
as dashed lines. The fits have been performed with c510 Å in ~a!,
14 Å in ~b!, and 3 Å in ~c!.11542The first term is the linearly increasing probability of finding
a pair of atoms a distance r apart ~the width of the histogram
classes is Dr), the second is the probability of finding such a
pair with no third atom in the area pr2 around the first, and
the third term accounts for the finite image size. This
function was tested successfully with kinetic Monte Carlo
~KMC! simulations for statistical growth. Boltzmann statis-
tics yields the differences in adatom binding energy E(r)
52kBT ln@f(r)/fran(r)# . The curve shown below the histo-
gram is the result of an average of E(r) curves obtained
from histograms at various temperatures (14.3,T
,16.2 K). The reason for including a range of temperatures
is that at higher T, the statistical independence of consecutive
images is sufficient also for the adsorbates bound in the first
profound minimum, whereas the smaller energy variations in
the tail of the interaction can be studied better at lower T.
The E(r) curve for Cu/Cu~111! clearly shows oscillations
in binding energy extending up to 60 Å. For r.20 Å, E(r)
behaves as in Ref. 14. However, our data agree with the
scattering theory17 way down to the first minimum in the
interaction energy, where the former study14 found a de-
crease of the interaction strength. From the published histo-
grams, and from the number of distances analyzed, we con-
clude that the authors of Ref. 14 analyzed all interatomic
distances and, therefore, included many-body interactions,
which explains the difference with the present study.
For a quantitative comparison with theory we use the
model by Hyldgaard and Persson17 establishing a link of
E(r) with the scattering properties of the adsorbates. The fit
reveals excellent agreement between theory and experiment.
To extend the model to small values of r we introduced a
parameter c as follows: E(r)52AE0(2 sin d/p)2sin(2qr
12d)/@(qr)21(qc)2#. We note that identical values for the ad-
sorbate’s scattering phase d and for the wave vector q are
obtained when fitting without c and starting from the first
maximum of E(r). The position of the first minimum deter-
mines the scattering phase d5~0.5060.07!p and a scattering
amplitude of A50.1360.01, which are in good agreement
with the properties expected of a black-dot scatterer. The best
fit is obtained with c510 Å, meaning that the first minimum
is slightly attenuated with respect to a 1/r2 behavior, which
may be indicative of the onset of repulsive interactions at
short distances. Notice, however, that the first minimum of
E(r) is clearly more attractive than the second one in con-
trast to Ref. 14. The wave vector q5(0.2060.01) Å21 is in
good agreement with the band structure of the Cu~111! sur-
face state @kF50.21 Å21 ~Ref. 12!#.
For short distances, there is a strong repulsion between
the Cu adatoms before they become bound to each other in a
dimer at one nearest-neighbor distance @the dimer bond en-
ergy was calculated to be Eb5520 meV ~Ref. 19!#. This
short-range repulsion is characterized by the height Emax and
location rmax of the maximum energy difference of threefold
binding sites as a function of the distance between two ada-
toms. The repulsion is evidenced by the following ob-
servations permitting to establish lower bounds of Emax
by comparison with KMC simulations. The absence of
dimer formation at 16.5 K after 20 min observation time
(Q51.431023 ML, image size 8003800 Å2) yields0-3
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beyond the few ones expected from statistical growth, for
deposition of 331023 ML at 19 K equally yields Emax
>13 meV. From the observation of the onset of dimer for-
mation at 19–21 K reported in Ref. 14, one derives 10–16
meV as an upper bound for Emax under the assumptions of
Q53.031023 ML and that ‘‘onset of dimer formation’’ cor-
responds to 10% of the monomers having formed dimers and
trimers after 2 min. In ab initio calculations a slightly larger
value of Emax’40 meV has been reported.15 For reasons of
scale on the energy axis we did not include this short-range
repulsion in Fig. 3, but we note its importance in delaying
nucleation to much higher coverages than in classical nucle-
ation and growth scenarios,15,16,19,20 which can explain the
small apparent diffusion prefactors systematically deduced
for systems with small barriers.20
To investigate how the long-range interactions relate to
the adsorbate’s chemical nature, we explored pair correla-
tions in the very same way as for Cu also for Co adatoms on
Cu~111! @Fig. 3~b!#. The results are within error bars identi-
cal to Cu/Cu~111!: d5(0.4960.03)p , A50.1260.01, and
q5(0.2060.01) Å21, and the interaction decays again ex-
actly as 1/r2. This suggests the generality of surface-state-
mediated interactions between adsorbates.
To prove their electronic origin we have investigated the
interaction period for Co on Ag~111!, which has a different
surface-state band structure resulting in an expected E(r)
period of lF/2538 Å.10 The wavelength of the interactions
is more than twice as long, as is evident from the E(r) curve
@Fig. 3~c!, the fit yields q5(0.1060.02) Å21, in agreement
with kF50.083 Å21#. Co atoms repel each other for r
,20 Å and the first minimum in interaction energy is at
around 27 Å. Note that the scattering phase shift is with
d5~0.3360.02!p, smaller than in the above examples. Also
the absolute values for E(r) are much smaller. We attribute
this to the lower total electron density in the surface state of
Ag as compared to Cu since the surface-state band edge E0
of Ag~111! is closer to EF , while the density of states L0
5m*/p\2 is roughly the same for both surfaces due to their
similar effective masses m*.
The scaling of the interaction period with lF of the sur-
face state clearly establishes that the observed long-range
interactions are mediated by the nearly free 2D electron gas
of the surface state and excludes mediation via elastic lattice
deformation. In addition, our results enable quantitative com-
parison with theory; the short-range data agree reasonably
well with recent ab initio results;15 in the long range we
confirm the theory of Lau and Kohn and the model derived
from it by Hyldgaard and Persson. As opposed to short-range
interactions the surface-state-mediated long-range interac-
tions are shown to be far less element specific and, therefore,
of general significance since they predominantly reflect the
surface-state band structure. Despite the fact that the ob-
served interaction energies are small, they are expected to
influence every adsorbate/substrate system with small diffu-
sion barriers.
Let us now turn to an important implication of the ob-
served long-range interactions. They may lead to long-range11542order between molecular and atomic adsorbates, which
might be exploited in manifold ways.21 Here we consider the
creation of two-dimensional solids with a lattice constant
given by the first minimum of the interaction energy. While
the degree of short-range order is determined by the interac-
tion strength, the central parameter in the creation of long-
range order is the adsorbate’s scattering phase. It determines
whether E(r) is repulsive at the distance A3 appearing as
second-neighbor distance in a hexagonal lattice. It is seen
from Fig. 4~a! that ordered chains, but only few trigonal
units, are formed for Co/Cu~111!, since for its phase of p/2,
the distance A3 falls straight onto repulsion. Ideal formation
of a hexagonal superlattice should be observed for d5p/5,
where the distance A3 is neutral. Co/Ag~111! @Fig. 4~b!#
comes closer to this with d5p/3, however, its interaction
FIG. 4. Attempts to create ordered superlattices. ~a! The scatter-
ing phase of d5p/2 for Co/Cu~111! favors atomic chains but inhib-
its hexagonal lattices (Q52.131022 ML,Tads519 K). ~b! For Co/
Ag~111!, d5p/3 favoring hexagonal lattices, however, the
interactions are too weak to establish long-range order (Q51.2
31022 ML,Tads519 K).0-4
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due to the small kF . As a consequence, a more isotropic
adatom gas with short-range order is established. We note
that d is linked to the charge state of the adsorbates by
Friedel’s sum rule.22 Therefore it can possibly be tuned by
coadsorption of electronegative or electropositive species,
which should permit one to lock a preordered 2D gas into a
lattice by increasing the 2D pressure.
In summary we have shown the existence of long-range
adsorbate-adsorbate interactions for three metal/metal sys-
tems. Their mediation by Friedel oscillations of surface-state
electrons expresses itself in the link of the oscillation period
l of the interaction energy with the surface-state Fermi vec-
tor l5p/kF . This relationship was demonstrated for
Cu~111! and Ag~111!, which have very different kF . Com-
parison between Co and Cu adatoms on Cu~111! shows,
within the error margin, identical E(r) curves, suggesting
only little effect of the adsorbate’s chemical identity on E(r).11542On Cu~111! the predicted 1/r2 decay is found from distances
of 1 nm on. The adsorbate’s scattering phase can be identi-
fied by application of a recent model showing excellent
agreement with our data. For the systems investigated here,
there is a significant short-range repulsion superimposed on
the oscillatory long-range interactions. This short-range re-
pulsion acts as an attachment barrier and delays island for-
mation by which it changes nucleation kinetics to yield sig-
nificantly enhanced island densities for a given ratio of the
diffusion constant to deposition flux, D/F . The observed
adsorbate-adsorbate interactions can potentially be employed
for the creation of ordered atomic and molecular lattices. In
the symmetry of such lattices the adsorbate’s scattering
phase and presumably also trio interactions play a central
role.
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